We report an aptasensor for homogeneous ochratoxin A (OTA) detection based on luminescence resonance energy transfer (LRET). This system uses upconversion nanoparticles (UCNPs), such as NaYF 4 :Yb 3+ , Er 3+ , as the donor. The aptamer includes the optimum-length linker (5-mer-length DNA) and OTA-specific aptamer sequences. Black hole quencher 1 (BHQ1), as the acceptor, was modified at the 3' end of the aptamer sequence. BHQ1 plays as a quencher in LRET aptasensor and shows absorption at 543 nm, which overlaps with well the emission of the UCNPs. When OTA is added, the BHQ1-labeled OTA aptamer was folded due to the formation of the G-quadruplex-OTA complex, which induced the BHQ1 close to the UCNPs. Consequently, resonance energy transfer between UCNPs (donor) and BHQ1 (acceptor) enables quenching of upconversion luminescence signals under laser irradiation of 980 nm. Our results showed that the LRET-based aptasensor allows specific OTA analysis with a limit of detection of 0.03 ng/mL. These results demonstrated that the OTA in diverse foods can be detected specifically and sensitively in a homogeneous manner.
INTRODUCTION
Ochratoxin A (OTA) is one of the most predominant food contaminating mycotoxins produced by Aspergillus and Penicillium fungi. Since OTA is chemically stable and toxic, this causes a serious hazard such as immunotoxicity, carcinogenicity, nephrotoxicity, hepatotoxicity, and teratogenicity. For these risks and chemical stability of the OTA, it is classified by the International Agency for Research on Cancer (IARC) as a possible human carcinogen (Group 2B). [1] [2] [3] This dangerous OTA may be contaminated with various food and agricultural products commodities, i.e. coffee beans, cereals, wine, grape juice, beer, and dried fruits etc. Due to its contamination possibility and health problems, various regulations for OTA in foodstuffs have been set. 4 Therefore, it is especially important to detect OTA for food quality, safety, and environmental monitoring.
A number of immunoassay-based methods have been developed for rapid and easy OTA detection, such as enzymelinked immunosorbent assays (ELISA), 5 lateral flow immunoassay, 6 electrochemical immunosensors, 7 and surface plasmon resonance (SPR). 8 These immunoassays are applicable to the simple, rapid, sensitive, and easy-to-use detection. However, they needs laborious washing steps, labeling procedures between toxins and enzyme for competitive reaction; above all, these described immunoassay sensors require high specific antibody to OTA and their application has disadvantages in terms of the low physical and chemical stability. Additionally, immunoassay-based sensors are limited due to high cost of antibody production. 9, 10 Aptamers have easier synthesis process, lower batch-to-batch variation, easier chemical modification, and better stability 10 . In recent years, these advantages enable developing aptamer based biosensors, which are called aptasensors, for OTA detection [11] [12] [13] . For examples, there are colorimetric-aptasensors 11 , electrochemical aptasensors 12 , and fluorescence-based aptasensors 13 . In these techniques, aptasensors utilize many nanomaterials, such as magnetic nanoparticles, gold nanoparticles, graphene oxide, and upconversion nanoparticles (UCNPs), which are modified with aptamers.
Among nanomaterials, UCNPs, lanthanide-doped nanomaterials that convert near-infrared (NIR) radiation into ultraviolet (UV) or visible luminescence under the 980 nm irradiation, are widely used as novel fluorescent labels recently for sensitive bioanalysis and imaging. In comparison with conventional traditional down-conversion luminescent labels such as organic dyes and quantum dots, UCNPs have advantages such as high chemical stability, sharp emission bandwidth, high signal-to-noise ratio, deep penetration, minimal photobleaching, and low toxicity 14, 15 . Particularly, excitation of UCNPs under NIR radiation enables low autofluorescence background and light scattering from complex biological samples or colored food samples, which absorbed at UV and visible region. Therefore, the signal-to-background ratio can be improved. Taking advantage of these remarkable properties, UCNPs have been selected as energy donors for luminescence resonance energy transfer (LRET)-based biosensors with high sensitivity and selectivity. However, most LRET-based aptasensors require additional materials as quenchers, such as quantum dots, magnetic nanoparticles, gold nanoparticles, and graphene oxide to be tagged to receptors for detecting the target. These systems also need some additional step hybridization of the aptamers with their corresponding complementary oligonucleotides [16] [17] [18] .
To overcome these drawbacks, we report a homogeneous LRET-based aptasensor to detect OTA by quenching the luminescence signals of the UCNPs (donor). The specific recognition between the BHQ1 (acceptor)-labeled OTA specific aptamer-functionalized UCNPs and OTA induces formation of the G-quadruplex-OTA complex. The energy donor and acceptor were brought into close proximity, resulting in a quenching the upconversion luminescence of the UCNPs through LRET.
MATERIALS AND METHODS

Synthesis and functionalization of upconversion nanoparticles (UCNPs)
Synthesis of NaYF4:Yb 3+ , Er 3+ UCNPs was conducted according to previously reported procedure. 19 Carboxylic acid functionalized UCNPs were prepared via a previously reported procedure. 20 Aptamer was covalently conjugated to UCNPs using EDC/NHS coupling. A solution of the carboxylate-modified UCNPs (0.15 mL) was washed twice with MES buffer (25 mM, pH 6) and centrifuged. EDC solution (0.2 M, 3.75 μL) and NHS solution (0.2 M, 7.5 μL) were added to the washed UCNPs to a final volume of 750 μL. UCNPs were activated via EDC/NHS coupling with shaking at room temperature for 30 min. The activated UCNPs were centrifuged and washed with water. After discarding the supernatant, DNA oligonucleotides (100 μM, 10 μL) and 740 μL of HEPES buffer (10 mM, pH 7.2) were added to the activated UCNPs. Then, the solution was incubated at room temperature for overnight with shaking. In order to quench the excess activated carboxylic acid groups, the sample was incubated with Tris (2.5 mg) at room temperature for 15 min. These conjugates were centrifuged (10000 rpm for 10 min) and washed three times with water. Finally, the conjugates were resuspended and stored in 50 μL of Tris-HCl (10 mM, pH 8.8).
LRET-based aptasensor system for OTA detection
For preparation of this system, 20 μL of conjugates solution was added to the upconversion luminescence measurement cell along with 160 μL of buffer. After the addition of each concentration of 20 μL OTA (final concentration: 1 μg/mL, 0.1 μg/mL, 10 ng/mL, 1 ng/mL, 0.1 ng/mL, and 0 ng/mL), the sample was incubated at room temperature. The upconversion luminescence signal was measured with a fluorescence spectrometer that was modified with a 980 nm cw laser for upconversion excitation.
RESULTS AND DISCUSSION
Synthesis and functionalization of upconversion nanoparticles (UCNPs)
An illustration of the aptasensor based on LRET between the UCNPs and a quencher dye to detect OTA is shown in Figure 1(a) . This aptasensor uses NaYF 4 :Yb 3+ , Er 3+ UCNPs and BHQ1 as the donor and acceptor of the LRET pair, respectively. The DNA oligonucleotides consist of the linker DNA and OTA-specific aptamer sequences: BHQ1 as the quencher dye is labeled at the 3' end of the aptamer. Strong upconversion luminescence intensity was observed in the absence of OTA (Figure 1(a) left, (c) black line) . In the presence of OTA, the specific recognition between the BHQ1-labeled OTA specific aptamer-functionalized UCNPs and OTA induces formation of the G-quadruplex-OTA complex and leads to positioning of the energy donor and acceptor in close proximity, ultimately quenching the upconversion luminescence of the UCNPs through LRET (Figure 1(a) right, (c) red line) . The synthesized UCNPs showed upconversion luminescence around 545 and 660 nm under 980-nm lasers irradiation (Figure 2(d) ). The mainly green emissions (emission maximum at 545 nm) of the UCNPs can easily be seen with the naked eye (Figure 2(d) inset) . The green emission spectrum of the UCNPs ranging from 500 to 570 nm overlaps well with the absorption spectrum of BHQ1 (Figure 1(b) ). Therefore, the luminescence of the BHQ1-labeled OTA specific aptamer-functionalized UCNPs can be strongly quenched by BHQ1 (Figure 3(c) red bar) . On the other hand, the luminescence of OTA specific aptamer-functionalized UCNPs was not quenched by quenched by OTA (Figure 3(c) black  bar) . In addition, the luminescence of BHQ1-labeled polyA DNA-functionalized UCNPs was weakly quenched by OTA (Figure 3(c) blue bar) , possibly due to the inner filter effect by BHQ1 absorbance. This result suggests that the BHQ1-labeled OTA aptamer-functionalized UCNPs bind to OTA specifically and are useful in OTA detection through quenching by LRET. Figure 2 displays TEM images (Figure 2 (a) ) and size distribution (Figure 2 (b) ) of the synthesized NaYF 4 :Yb 3+ , Er
Characterization of the prepared UCNPs and UCNP-aptamer conjugates
3+
UCNPs before PEG-encapsulation and aptamer conjugation. The UCNPs were well-dispersed and uniform in size. The selected area electron diffraction (SAED) pattern identified a perfect hexagonal close-packed (HCP) structure of the synthesized UCNPs (Figure 2(a) inset) . The size distribution was analyzed based on the HR-TEM images; 50 UCNPs were randomly selected and the average diameter of the UCNPs was 29.3 ± 1.8 nm. The experimental powder XRD pattern of synthesized UCNPs (Figure 2 Specific bio-receptors, such as oligonucleotides, enzymes, antibodies, which are necessary for the biological application of the synthesized UCNPs, were not present on the surface of bare UCNPs. Therefore the bare UCNPs were functionalized with a carboxyl group by PEG-encapsulation. The resultant PEG-phospholipids coated UCNPs (UCNP-PEG-amine) could be easily conjugated to the amino groups in DNA oligonucleotides. The zeta potential of the bare and carboxyl-functionalized UCNPs was compared. Figure 3 (a) indicate that the bare UCNPs were changed from -6.4 mV to -11.9 mV after modifying with PEG-carboxyl groups.
Absorbance spectra of BHQ1-labeled OTA specific aptamer, carboxyl-functionalized UCNPs, and BHQ1-labeled OTA specific aptamer-functionalized UCNPs conjugates were by using UV/vis absorption spectrometry. Absorbance spectrum of BHQ1-labeled OTA specific aptamer showed maximum absorption at 253 nm and 543 nm, corresponding to the absorbance of DNA oligonucleotides and BHQ1, respectively (Figure 3(b) ). Compared to the absorbance of just carboxyl-functionalized UCNPs, absorbance spectrum of the conjugates was corresponded to the BHQ1-labeled OTA specific aptamer. These results demonstrated successful conjugation between BHQ1-labeled OTA specific aptamer and the UCNPs. 
OTA detection by the LRET-based aptasensor
Under the optimal LRET aptasensor conditions, the sensitivity and limit of detection (LOD) of the LRET-based aptasensor was examined in order to validate this proposed method. The upconversion luminescence quenching efficiency increased with increasing OTA concentration, and a linear correlation was obtained from the slope of the quenching efficiency of LRET to the concentration of OTA from 0.1 to 1000 ng/mL (R 2 = 0.9885), suggesting that the efficiency of energy transfer from donor to the acceptor had increased (Figure 4) . Each data point is the average of N = 3 individual measurements and error bars indicate the standard deviation. The LOD of the LRET-based aptasensor was determined to be approximately 0.03 ng/mL of OTA, which is comparable to the LOD obtained using other OTA detection platforms. 
CONCLUSION
In conclusion, we developed a homogeneous LRET-based aptasensor using UCNPs for OTA detection with high sensitivity and specificity. In the presence of OTA, the OTA/aptamer complex is stabilized, which results in upconversion luminescence quenching by the BHQ1 as a quencher dye at the 3' end of the aptamer. In the LRET platform, the BHQ1 played a key role as an energy acceptor, while UCNPs served as a donor to the BHQ1, which triggered the LRET phenomenon between UCNPs and the BHQ1. Quenching efficiency increases with increasing OTA concentration, and the LOD of the system was 0.03 ng/mL. This proposed method can be used for quick and easy detection of OTA in diverse foods. For this purpose, we will use the following materials: red-emitting UCNPs (donor) and appropriate quencher (acceptor) corresponding to red emission. Consequently, this system can help avoid matrix effects associated with background signal and light scattering caused by UV-and visible-light absorbing contaminants in foodstuff. This approach has significant potential utility as an on-site screening tool in fields such as food safety or diagnostics.
